The lymphatic system is an important route for cancer dissemination, and lymph node metastasis (LNM) serves as a critical prognostic determinant in cancer patients. We investigated the contribution of COX-2-derived prostaglandin E 2 (PGE 2 ) in the formation of a premetastatic niche and LNM. A murine model of Lewis lung carcinoma (LLC) cell metastasis revealed that COX-2 is expressed in DCs from the early stage in the lymph node subcapsular regions, and COX-2 inhibition markedly suppressed mediastinal LNM. Stromal cell-derived factor-1 (SDF-1) was elevated in DCs before LLC cell infiltration to the lymph nodes, and a COX-2 inhibitor, an SDF-1 antagonist, and a CXCR4 neutralizing antibody all reduced LNM. Moreover, LNM was reduced in mice lacking the PGE 2 receptor EP3, and stimulation of cultured DCs with an EP3 agonist increased SDF-1 production. Compared with WT CD11c + DCs, injection of EP3-deficient CD11c + DCs dramatically reduced accumulation of SDF-1 + CD11c + DCs in regional LNs and LNM in LLC-injected mice. Accumulation of Tregs and lymph node lymphangiogenesis, which may influence the fate of metastasized tumor cells, was also COX-2/EP3-dependent. These results indicate that DCs induce a premetastatic niche during LNM via COX-2/EP3-dependent induction of SDF-1 and suggest that inhibition of this signaling axis may be an effective strategy to suppress premetastatic niche formation and LNM.
Introduction
It is widely accepted that many tumors tend to metastasize to specific organs (1) . The mechanisms that guide tumor cells to specific tissues are largely unknown, although recent evidence suggests that it may involve molecular differences inherent in the tumor cells themselves, modulated by the activities of immune cells, hematopoietic cells, and other tissue components. Lymph node metastasis (LNM) is a critical prognostic factor in cancer patients, and lymphatic vessels serve as an important route for the spread of cancer cells (1) . Paget reported that tumor cells might prepare the lymph nodes for their future arrival, giving a new interpretation to the seed-and-soil hypothesis (2) . The formation of a premetastatic niche, suitable for the arrival of the first tumor cells, facilitates metastasis via the bloodstream (3, 4) . However, data regarding the factors involved in lymph node premetastatic niche formation are limited (5) . Tumor-associated lymphangiogenesis may enhance metastasis to the regional lymph nodes; however, the involvement of lymph node premetastatic niche formation in the metastatic process is unclear.
The cellular components involved in tumor cell metastasis to a predetermined location are largely unknown. However, Kaplan et al. (4) demonstrated that bone marrow-derived hematopoietic progenitor cells expressing VEGFR1 (also known as FLT1) home to tumor-specific premetastatic sites and form cellular clusters before the arrival of tumor cells. Their findings demonstrated a requirement for VEGFR1 + hematopoietic progenitors in the regulation of metastasis, and suggested that expression patterns of fibronectin and clusters positive for VEGFR1 and VLA-4 (also known as integrin α 4 β 1 ) dictate organ-specific tumor spread. However, the involvement of other cellular components in premetastatic niche formation is largely unknown. Among the many cellular components within the tumor microenvironment, dendritic cells (DCs) exert profound effects on T cells (6) . The mediators that regulate DC function may also modulate niche formation. Prostaglandin E 2 (PGE 2 ) and the tryptophan-catabolizing enzyme indoleamine 2,3-dioxygenase (IDO) exert strong effects on the maturation and function of DCs (7) . In addition, PGE 2 has been identified as a major immunosuppressive soluble factor present in the tumor microenvironment (8, 9) . An important mechanism by which these DCs modulate T cell responses seems to be via PGE 2 -induced expression of IDO. Furthermore, a recent study reported that PGE 2 increased the immunosuppressive potential of regulatory T cells (Tregs) (10) . We previously reported that COX-2-derived endogenous PGE 2 enhanced angiogenesis and lymphangiogenesis during tumor development and chronic inflammation (11, 12) . Furthermore, PGE 2 enhances stromal tissue formation and tumor-associated angiogenesis mediated by tumor stromal chemokines (13) . The function of a broad range of immune cells can be regulated by PGE 2 ; however, the precise contributions of PGE 2 to LNM are not clear.
In this study, we show that endogenous COX-2-derived PGE 2 stimulated the EP3 receptor on DCs and upregulated the expression of stromal cell-derived factor-1 (SDF-1) in the subcapsular
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receptor expressed in many types of cancer cells, and that the SDF-1/CXCR4 axis plays a major role in the survival, proliferation, migration, and adhesion of tumor cells (18) (19) (20) (21) (22) (23) (24) (25) .
Moreover, CXCR4-expressing cancer cells preferentially home to organs with high CXCL12 expression, such as the lung, liver, and bone marrow, via the blood and lymphatic system (26, 27) .
In the present study, we examined the expression of CXCR4 in GFP-labeled LLC cells by immunofluorescence, and found that the large population of GFP-positive LLC cells were also positive for CXCR4 ( Figure 2A ). Next, we examined the expression of SDF-1, a ligand for CXCR4, in the regional lymph nodes following LLC cell injection. The expression of SDF-1 in vehicle-treated mice was significantly increased on days 3 and 5 compared with that in celecoxibtreated mice ( Figure 2B ). Prior to the arrival of the injected LLC cells, we observed increased accumulation of SDF-1-expressing cells in the subcapsular regions from 3 and 5 days. Many of these SDF-1positive cells were also COX-2-positive ( Figure 2C ). Furthermore, the expression of Cox2 and Sdf1 in regional lymph nodes estimated by RT-PCR was consistent with immunohistochemistry (Supplemental Figure 2 , A and B). Western blot analysis revealed that the expression of COX-2 in the regional lymph nodes was suppressed in the celecoxib-treated group and Ep3 KO mice (Supplemental Figure 2C ). At day 14, LLC cells preferentially accumulated in a COX-2-dependent manner in subcapsular regions rich in SDF-1/COX-2-double positive cells ( Figure 2D ). This finding suggested that COX-2-dependent SDF-1 induction increased metastasis to a predetermined location, specifically the subcapsular regions within the lymph node, and was crucial for the establishment of the lymph node premetastatic niche.
The SDF-1/CXCR4 axis governs the accumulation of LLC cells in the lymph node premetastatic niche. To determine whether the SDF-1/ CXCR4 axis induces premetastatic niche formation, we injected a CXCR4 antagonist, AMD3100, following the injection of LLC cells. There was no significant difference in tumor size between vehicle-and AMD3100-treated mice during the experimental period ( Figure 2E ). However, LNM was completely suppressed in mice treated with AMD3100 or CXCR4 neutralizing antibody on day 10 and day 14 ( Figure 2F ). Furthermore, the accumulation of SDF-1/COX-2-double positive cells in the regional lymph nodes (Supplemental Figure  2D ) was suppressed in AMD3100-treated mice ( Figure 2G ). This reduction was also seen in Ep3 KO mice ( Figure 2H and Supplemental Figure 2D ). These results suggested that LNM driven by COX-2/EP3 is highly dependent on the SDF-1/CXCR4 axis.
COX-2-positive DCs accumulate in the lymph node premetastatic niche and produce SDF-1 via EP3 signaling. To clarify the cellular components relevant to premetastatic niche formation, we examined the cell surface marker profiles of COX-2-expressing cells. We found that DC marker-positive cells accumulated in the subcapsular regions of the lymph nodes ( Figure 3A ). Among the DC markers, CD11c, which is a type I transmembrane protein, is highly expressed on most DCs. Furthermore, indoleamine 2,3-dioxygenase (IDO) is also considered to be a good marker for DCs, and PGE 2 was reported to induce IDO in tolerogenic DCs (28) . In the present study, immunohistochemical analysis revealed that COX-2-positive cells were also positive for CD11c and IDO ( Figure 3, A and B) . The accumulation of CD11c-and IDO-positive cells was suppressed in celecoxibor AMD3100-treated mice and in Ep3 KO mice ( Figure 3 , C and D). regions of regional lymph nodes following Lewis lung carcinoma (LLC) cell injection. SDF-1 upregulation increased the accumulation of CXCR4 + LLC cells and facilitated the formation of regional lymph node premetastatic niches. The accumulation of Tregs and lymph node lymphangiogenesis, both of which may influence the fate of metastasized tumor cells, were also COX-2/EP3-dependent. Thus, inhibitors of PGE 2 , together with SDF-1 receptor antagonists and EP3 antagonists, may be effective at suppressing premetastatic niche formation and LNM. These findings strongly suggest a novel function of PGE 2 in the formation of the lymph node premetastatic niche.
Results
Early expression of COX-2 in premetastatic regional lymph nodes and COX-2-derived PGE 2 -EP3 signaling enhances LNM. To test the involvement of COX-2-derived PGE 2 , we injected GFPtransfected LLC cells (5.0 × 10 4 per 10 μl) directly into the lung under anesthesia. The inclusion of Matrigel prevented the occurrence of sudden death due to hemothorax or pneumothorax. The injected LLC cells formed tumors in the parenchyma of the lungs. There were no significant changes in tumor size in the mice treated with celecoxib (a COX-2 inhibitor) or vehicle at 10 days after the injection of LLC cells (Supplemental Figure 1A; supplemental material available online with this article; doi:10.1172/JCI73530DS1). However, COX-2-expressing cells were identified in the subcapsular region of the regional lymph nodes at 1 or 3 days after the LLC cell implantation ( Figure 1 , A and C). This was confirmed by analysis of mRNA levels in the lymph node tissues ( Figure 1B ). There was no obvious metastasis at 7 days ( Figure 1 , D and E). Regional LNM, which was established in vehicle-treated mice at 10, 12, and 14 days, was prevented by COX-2 inhibitor treatment ( Figure 1 , D-F). Moreover, the percentage of LNM-positive mice was significantly reduced by celecoxib treatment ( Figure 1F ). These results were confirmed by the RT-PCR results that GFP expressions in the regional lymph node were suppressed under COX-2 inhibition (Supplemental Figure 1B ). Therefore, we injected only Matrigel without tumor to the left lung directly and analyzed regional lymph nodes by immunohistochemistry with COX-2 and CD11c. COX-2-and CD11c-positive cells slightly increased at subcapsular regions in the early phase after injection, but, thereafter, they did not increase more over time (Supplemental Figure 1C ). COX-2 expression was also suppressed following celecoxib treatment ( Figure 1 , A-C). MTT assay showed that proliferation of LLC did not affect understimulation of COX-2 inhibitor (Supplemental Figure 1D ). This result suggested that celecoxib did not affect tumor growth directly. We previously reported that EP3 signaling increased tumor cell growth and metastasis formation (11, 14) . Therefore, we examined LNM formation in Ep3 KO mice. The formation of LNM in Ep3 KO mice at 14 days was significantly suppressed compared with that in WT mice ( Figure 1G ). These results suggested that COX-2-derived PGE 2 -EP3 signaling enhanced LNM after parenchymal injection of LLC cells.
COX-2-dependent premetastatic niche formation in regional lymph nodes. Stromal cell-derived factor-1 (SDF-1, CXCL12) and its receptor, CXCR4, play an important role in metastasis (15) (16) (17) . Numerous studies show that CXCR4 is the major chemokine jci.org Volume 124 Number 11 November 2014 pared with vehicle mice (Supplemental Figure 3C ). This result indicated that the induction of DCs associated with LNM was dependent on COX-2-derived PGE 2 -EP3 signaling. To examine whether PGE 2 induces SDF-1 in DCs, we isolated immature myeloid DCs from the bone marrow and cultured them in the presence of PGs. The mRNA and protein levels of SDF-1 increased significantly following PGE 2 stimulation (Supplemental Figure 3 , D and E). To identify the receptor mediating this action, we added EP agonists (EP1-EP4), which are highly selective for each receptor subtype.
Quantification of CD11c/IDO-positive cells revealed that the reduction in the accumulation of CD11c/IDO-positive cells by COX-2 inhibition, CXCR4 blockade, and lack of EP3 signaling began at day 5 or day 7 ( Figure 3 , E and F). The CD11c-positive cells were also positive for SDF-1 ( Figure 3G ), suggesting that DCs are sources of SDF-1 in the premetastatic niche. Moreover, the expression of CCR7, important for the adhesion and chemotaxis of leukocytes and DCs toward lymph nodes, was also suppressed in celecoxib-treated mice and Ep3 KO mice com- SDF-1 protein levels in the culture media increased upon incubation of DCs from WT mice with an EP3 agonist, ONO-AE-248 ( Figure 3H) ; however, DCs from Ep3 KO did not secrete SDF-1 ( Figure 3I ). Treatment with EP agonists for EP1, EP2, and EP4 did not increase SDF-1 secretion (Supplemental Figure 3F ). These results suggested that DC accumulation in the premetastatic niche is dependent on COX-2/EP3 and SDF-1, and that induction of SDF-1 in DCs is dependent on EP3 signaling.
EP3 signaling facilitates DC recruitment to the regional lymph node premetastatic niche. To clarify the process of DC recruitment to the premetastatic niche, we injected mice i.v. with GFP-positive DCs following the injection of GFP-negative LLC cells. The GFP-positive DCs from WT mice were recruited to the subcapsular regions at day 10 ( Figure 4A ). This accumulation was significantly reduced following injection of GFPpositive DCs from Ep3 KO mice ( Figure 4A ). In the early phase (premetastatic phase), DCs were recruited to subcapsular regions in an EP3 signaling-dependent manner too (Supplemental Figure 4, A and B ). Furthermore, we estimated double staining by GFP and LYVE-1 in regional lymph nodes. GFP-positive DCs from WT mice (Supplemental Figure 4C ) were significantly induced to LYVE-1-positive lymph vessels compared with GFP-positive DCs from EP3 KO mice (Supplemental Figure 4D ) at subcapsular regions of regional lymph nodes.
The WT DCs recruited to the subcapsular regions expressed higher levels of SDF-1 than those from Ep3 KO mice. The percentage of LNM was higher following the injection of WT DCs than after the injection of vehicle or Ep3 KO DCs ( Figure 4B ). Most of the accumulated DCs were CXCR4-positive ( Figure 4C ), suggesting that the DCs expressing EP3 enhanced the recruitment of DCs via the generation of SDF-1. These findings imply a positive-feedback loop in the EP3/SDF-1 interplay.
Both COX-2-EP3 signaling and SDF-1 increase the recruitment of Tregs to the lymph node premetastatic niche. Previous studies show that the increased production of PGE 2 by tumors is associated with the induction of Tregs and with T cell inhibition (29, 30) . In the present study, we examined whether COX-2 inhibition could reduce Treg recruitment to the regional lymph nodes. As shown in Figure 5A , a substantial number of FOXP3 + Tregs accumulated in the subcapsular regions of the regional lymph nodes; this accumulation was suppressed by celecoxib, AMD3100, and a lack of EP3 signaling. These results were confirmed by quantitative analysis ( Figure 5B ) and immunofluorescent analysis (Supplemental Figure 5, A and B) . Taken together, these findings suggest that the accumulation of Tregs in lymph nodes is dependent on both COX-2/ EP3 signaling and the SDF-1/CXCR4 axis. Since many of the FOXP3 + cells expressed CXCR4 (Supplemental Figure 5C ), it is possible that DC-derived SDF-1 may attract Tregs to the premetastatic niche. It was previously reported that immature DCs secrete TGF-β to induce Treg proliferation (31) . Therefore, to examine whether TGF-β1 was secreted by DCs in the premetastatic niche, we performed immunofluorescence analysis of TGF-β1 expres- sion by CD11c-positive DCs. We found that CD11c-positive cells expressed TGF-β1 and that the number of CD11c/TGF-β1-double positive cells was reduced in Ep3 KO mice compared with that in WT mice ( Figure 5C ). We also measured TGF-β1 secretion by DCs cultured in the presence of an EP3 agonist. WT DCs secreted large amounts of TGF-β1 in response to EP3 stimulation, but DCs from Ep3 KO mice did not ( Figure 5D ). TGF-β expression was significantly suppressed in celecoxib-or AMD3100-treated mice and in Ep3 KO mice ( Figure 5E ). These results suggested that the accumulation of Tregs in the premetastatic niche was COX-2/ (D) Immunofluorescence images of regional lymph nodes stained with the LYVE-1 antibody. Lymphangiogenesis was observed at the efferent side of the regional lymph nodes in vehicle-treated mice from day 3, and was markedly reduced by celecoxib treatment. Scale bars: 100 μm. (E) A schematic presentation of COX-2/SDF-1-dependent premetastatic niche formation. COX-2 and EP3 mediate the increase of SDF-1 at the premetastatic site before the arrival of tumor cells to the regional lymph node. CXCR4-positive tumor cells were mobilized to SDF-1-generating sites. Simultaneously, CXCR4/EP3-positive DCs are recruited to generate SDF-1 in response to EP3 signaling. (F) Tregs are recruited to the premetastatic niche via SDF-1/EP3 signaling. The DCs recruited to the premetastatic niche secrete TGF-β1 in an EP3/SDF-1-dependent manner. Thus, COX-2/PGE 2 -EP3 signaling together with SDF-1/CXCR4 signaling may decide the fate of the colonizing LLC cells. (G) Fate of metastasized tumor cells. COX-2/EP3 signaling upregulates lymph node lymphangiogenesis in the efferent side of the subcapsular region, and this facilitates tumor cell growth in the regional lymph nodes and lymph node or systemic metastasis. jci.org Volume 124 Number 11 November 2014 production (8). COX-2 expression is associated with poor patient prognosis and survival (33, 34) . We previously reported that, in addition to tumor COX-2 expression, COX-2 present in stromal tissues had a significant effect on tumor-associated angiogenesis (35) . Further studies showed that COX-2 induced lung metastasis via EP3 signaling (14) . Iwata et al. previously reported that COX-2 inhibitor suppressed tumor lymphangiogenesis and LNM by using a gastric carcinoma cell line (36) ; however, little is known about the involvement of COX-2 and PG receptors in forming the premetastatic niche during LNM. The current study confirmed the report and revealed that COX-2 and EP3 signaling play a role in LNM, and showed that COX-2 and EP3 signaling mediate the induction of SDF-1 and CXCR4 to establish the premetastatic niche. The cellular components involved in the formation of premetastatic niches are largely unknown. In the present study, we showed that DCs play an important role in the formation of the lymph node premetastatic niche. DCs are bone marrow-derived cells that are present in all issues (37, 38) . Lymph output of DCs in the steady state, continual traffic of DCs from peripheral tissue, is constant and is further augmented during inflammatory conditions (39, 40) .
Mouse models of cancer reveal that DCs capture tumor antigens released from tumor cells and cross-present these antigens to T cells in the tumor-draining lymph nodes, thereby generating tumor-specific cytotoxic T lymphocytes, which play a role in tumor rejection (41, 42) . DCs sample the environment and transmit the gathered information to cells of the adaptive immune system (T cells and B cells). DC differentiation from hematopoietic stem cells and DC function are sensitive to lipid mediators, such as PGs, and DCs express several receptors involved in PG signaling pathways (43) . PGE 2 is a key modulator of DC differentiation, maturation, migration, and cytokine production (44) (45) (46) (47) (48) . In contrast to its inhibitory effects on monocytes, PGE 2 activates immature DCs. As a first step toward the transition from an adhesive to a highly migratory state, DCs lose their specific integrin-and actin-rich adhesive structures, called podosomes, within minutes following PGE 2 stimulation (47). This rapid response to PGE 2 is mediated by increased intracellular levels of cAMP, activation of the small GTPase RhoA, and subsequent induction of actomyosin contraction, ultimately leading to rapid podosome dissolution (48) . In the present study, we identified a novel function of DCs in premetastatic niche formation in the regional lymph nodes in tumor-bearing mice. As shown in Figure 3 , A and B, COX-2 induction in DCs was observed at the early stages of the experiment, suggesting that COX-2 might regulate the formation of the premetastatic niche in the regional lymph nodes. SDF-1 induction in DCs was dependent on COX-2 and EP3 signaling, and blockade of the SDF-1/CXCR4 axis suppressed the formation of the premetastatic niche.
The chemokine receptor CCR7 is known as important for the adhesion and chemotaxis of leukocytes and DCs toward lymph nodes. Forster et al. reported that DC migration to lymph nodes was strictly dependent on CCR7 and its ligand in both the steady state and inflammation, and accordingly Ccr7 KO DCs failed to migrate to lymph nodes. Thus, by bringing together T cells, B cells, and DCs to form functional microenvironments in secondary lymphoid organs, CCR7 has been identified as a major homing receptor and important regulator for initiating an antigen-specific EP3-and SDF-1/CXCR4-dependent, and that the accumulated Tregs might influence the fate of the tumor cells colonizing the premetastatic niche. PGE 2 -EP3 signaling as a regulator of lymph node lymphangiogenesis. Once the metastatic cells arrive at the lymph nodes, lymph node lymphangiogenesis may facilitate further metastasis to other organs, such as the distal lymph nodes and lungs. It was reported that no metastases were observed in distant organs in the absence of lymph node metastases (32) . We determined the expression of prolymphangiogenic growth factors, VEGF-C and VEGF-D, in the regional lymph nodes and found that the gene expression of these growth factors was significantly increased before the arrival of the LLC cells, but was suppressed in celecoxib-treated mice and in Ep3 KO mice ( Figure 6, A and B) . Moreover, VEGFR3, expressed on lymphatic endothelial cells, was increased in the regional lymph nodes from day 3, but was reduced in celecoxib-treated mice and Ep3 KO mice ( Figure 6C) . VEGF-C-, VEGF-D-, and VEGFR3positive cells were costained against CD11b, a macrophage marker, and CD11c in the efferent side of subcapsular regions and analyzed by immunofluorescence (Supplemental Figure 6, A and B) . These results suggested that COX-2/PGE 2 -EP3-dependent induction of VEGF-C/D in macrophages and DCs induces lymphangiogenesis in the efferent side of subcapsular regions. Furthermore, the size of regional lymph nodes and lymph vessel area were suppressed in Ep3 KO mice and celecoxib-treated mice compared with vehicletreated mice (P < 0.05, ANOVA; Figure 6D and Supplemental Figure 7, A and B) . In contrast, there were no significant differences among vehicle-and celecoxib-treated mice and Ep3 KO mice in primary lesion (Supplemental Figure 7C) . These results suggested that PGE 2 -EP3 signaling induces lymphangiogenesis in regional metastatic lymph nodes before the arrival of LLC cells.
Discussion
Our study demonstrates that the formation of the premetastatic niche in regional lymph nodes is dependent on COX-2/PGE 2 -EP3 signaling, and that SDF-1-expressing DCs have a significant effect on the accumulation of CXCR4-expressing LLC cells. COX-2/ EP3-dependent induction of chemokine was initiated from the early stage in which there is no metastasis in regional lymph nodes. During these steps, there was no significant difference in primary tumor size under COX-2 inhibition and EP3 receptor knockout. EP3 signaling was also active to accumulate DCs in subcapsular regions of lymph nodes for future accumulation of LLC cells. We observed an increase in the release of SDF-1 from DCs in lymph nodes following LLC cell injection. In addition, we observed significant Treg recruitment to the premetastatic niche; this process was dependent on COX-2/EP3 and SDF-1. Lymph node lymphangiogenesis, which may facilitate further metastasis, was also induced in a COX-2/EP3-dependent manner. These findings indicate that prostanoid signaling plays a significant role in LNM.
Prostanoids, including prostaglandins, are generated from arachidonic acid, a process regulated by the rate-limiting COX enzymes. COX-2 can be induced in most tissues, where it mediates the production of proinflammatory PGs during inflammation and in tumorigenic settings. Neoplastic tissues, such as human colon cancers, contain high concentrations of PGs, and the protumorigenic effects of COX-2 are largely attributed to its role in PGE 2 jci.org Volume 124 Number 11 November 2014
way has been implicated in many of these metastatic processes and has been shown to dramatically impact the ability of tumor cells to spread throughout the body (55) (56) (57) (58) . We previously reported that lymphangiogenesis in a Matrigel subcutaneous implantation model, which mimics tumor stromal reactions, was enhanced by COX-2 and EP3/4 signaling (12) . In addition, topical implantation of both VEGF-C-and VEGF-Aoverexpressing tumor cells induced lymphangiogenesis in sentinel lymph nodes (32) . However, a more precise evaluation of lymph node lymphangiogenesis showed that lymphangiogenesis took place in the efferent lymphatic area ( Figure 6D ), whereas the premetastatic niche was formed in the subcapsular regions of the sentinel lymph nodes. The positive cells of prolymphangiogenic factors are tumor cells, macrophages, and DCs. Supplemental Figure 6 shows that VEGF-C-, VEGF-D-, and VEGFR3-positive cells, accumulated in the efferent side of lymph nodes, were positive for CD11b and CD11c. Those results suggested that lymphangiogenesis induced by CD11c-positive and CD11b-positive cells was dependent on COX-2/PGE 2 -EP3 signaling. We previously reported that PGE 2 stimulated the induction of VEGF-A/ C, and that VEGF-A induced COX-2 (12, (59) (60) (61) . COX-2/EP3-dependent induction of SDF-1 in DCs localized in subcapsular regions may induce formation of the premetastatic niche for future colonization by LLC cells. It will be important to determine the exact mechanisms by which lymph node lymphangiogenesis induces further tumor cell metastasis to the lymph nodes and other tissues. Although the induction of lymph node lymphangiogenesis and subsequent DC motility following adjuvant-induced skin inflammation has been described (62) , our study demonstrated that COX-2-positive SDF-1-producing DCs are the major cell component driving niche formation, whereas PGs regulate lymph node lymphangiogenesis. Lymph node lymphangiogenesis may decide the fate of the colonizing tumor cells, and blockade of PG biosynthesis and receptor signaling may prevent further tumor cell metastasis to the lymph nodes and other tissues.
In conclusion, our study shows that endogenous COX-2derived PGE 2 stimulated the EP3 receptor on DCs, leading to the upregulation of SDF-1 expression in the subcapsular regions in regional lymph nodes following LLC cell injection into the lungs. SDF-1 upregulation facilitated the accumulation of CXCR4 + LLC cells and the formation of the regional lymph node premetastatic niche ( Figure 6E ). We also found that accumulation of Tregs and lymph node lymphangiogenesis, both of which may decide the fate of metastasized tumor cells, were COX-2/EP3-dependent ( Figure 6 , F and G). Taken together, our findings suggest that PGE 2 inhibitors, together with SDF-1 receptor antagonists and EP3 antagonists, may be promising agents for the suppression of premetastatic niche formation and LNM. immune response (49, 50) . The association of COX-2 and CCR7 with LNM of breast cancer has been already reported (51) . In the current study the expression of CCR7 in regional lymph nodes was suppressed in celecoxib-treated mice compared with vehicletreated mice. This result showed the possibility that COX-2derived PGE 2 may induce DC migration that depends on CCR7.
Methods
FACS analysis was useful for characterizing and quantitating cell subsets in lymph nodes. Though we performed FACS for regional lymph nodes with the IntraStain FACS kit, we could not detect and obtain the expected results. As a substitution for this FACS analysis, we picked up mediastinal lymph nodes from the vehicle group and the Ep3 KO group at 5 days and sorted CD11cpositive cells by FACS after homogenization; when we assayed the sorted cells for Cox2 and Sdf1 by RT-PCR, the message of COX-2 and SDF-1 was significantly suppressed in the Ep3 KO group compared with the vehicle-treated group (Supplemental Figure 3, A  and B ). We thought that the quantitative analysis by RT-PCR was more sensitive, and we could substitute it for FACS analysis.
In vitro assays using isolated DCs showed that EP3 signaling upregulated SDF-1 expression ( Figure 3 , H and I). These findings revealed the crucial role of COX-2 and EP3 signaling in the formation of a premetastatic niche via the SDF-1/CXCR4 chemokine axis. The significance of EP3 signaling for DCs can be tested in mice with DC-specific conditional knockout. Use of Tp fl/fl mice in combination with Cd11c-Cre mice will provide a good opportunity to test the function of EP3 in DCs. At present, there is no good marker for DCs besides CD11c. But CD11c is expressed on other types of cells than DCs. We expect more suitable approaches to test DC-specific inhibition of EP3 signaling that regulates premetastatic niche formation.
We further demonstrated that Tregs were recruited to the regional lymph nodes via COX-2/EP3 and SDF-1. Tregs, formerly known as suppressor T cells, are a subpopulation of T cells that modulate the immune system, maintain tolerance to self-antigens, and abrogate the development of autoimmune disease (52) . Studies in mouse models revealed the potential of Tregs for the treatment of autoimmune diseases and cancer, and for organ transplantation. Tregs were selectively recruited within lymphoid infiltrates and activated by mature DCs, likely through the recognition of tumor-associated antigen presentation, resulting in the prevention of effector T cell activation, immune escape, and, ultimately, tumor progression (53). Mansfield et al. reported that FOXP3 + cells were associated with more advanced disease in breast cancer, a finding that is proven to be true in many other cancers (54) . DCs have been found to promote Treg differentiation and may become a suitable target to abrogate the development of T cell tolerance and to promote an effective immune response to breast cancer (54) . As shown in Figure 5B , the recruitment of Tregs was observed in the regional lymph node premetastatic niche, and it was suppressed by COX-2 inhibition, EP3 blockade, and SDF-1 blockade. To our knowledge, this is a novel finding, showing the interplay between prostanoids and Tregs. Tregs expressed CXCR4 (Supplemental Figure 4D) ; thus, SDF-1 secreted by DCs may act as a major attractant of Tregs to the premetastatic niche. This may increase the immunosuppressive potential of Tregs and facilitate further metastasis.
Furthermore, TGF-β, which is a kind of cytokine produced by Tregs, has been implicated in tumor progression. The TGF-β path-Retroviral transfection of GFP gene. Murine GFP cDNA was cloned into a deficient retroviral vector pLEGFP (Clontech; Takara), then transfected into PT67 cells (Clontech; Takara), followed by G418 (Roche) selection. The resulting temporary infectious recombinant virus containing GFP was infected into NIH/3T3 cells, followed by G418 selection in order to evaluate the infectious titer of those viruses, and the resulting titer was approximately 1 × 10 3 CFUs/ml. LLC cells were infected with these temporary infectious retroviruses and selected with G418, then designed as LLC-GFP.
Animals and drugs. Male C57BL/6 mice, 6-8 weeks old and weighing 20-25 g, were obtained from CLEA Japan. Ep3 KO mice on a C57BL/6 hybrid background were generated by our research group. The mice (male, 8 weeks old) were maintained at a constant humidity (60% ± 5%) and temperature (20°C ± 1°C) and were kept continuously on a 12-hour light/dark cycle. All animals were provided with food and water ad libitum.
A COX-2 inhibitor, celecoxib (100 mg/kg per day; Pyser), and a CXCR4 antagonist, AMD3100 (10 mg/kg per day; Sigma-Aldrich), were administrated orally every day. A CXCR4 neutralizing antibody (10 mg per mouse; clone 2B11; BD Biosciences) was injected i.p. daily. On days 3, 5, 7, 10, and 14, WT and Ep3 KO mice were sacrificed using ether, and the lungs were resected. The isolated lungs were fixed with 4% PFA or 10% formalin, and analyzed under a microscope.
Intrapulmonary implantation model. Log-phase cell cultures of LLC-GFP cells were suspended at a cell density of 5 × 10 4 per milliliter in 10 μl PBS containing 10 μl of Matrigel (Becton Dickinson Labware), and were injected into the mouse left lung parenchyma under anesthesia by ether. A small skin incision to the left chest wall (approximately 5 mm in length) was made at about 5 mm tail side from the scapula. A 30-gauge needle attached to a 0.5-ml insulin syringe was directly inserted through the intercostal space into the left lung to a depth of 2-3 mm. After implantation, the skin incision was closed with a surgical suture. To prevent bleeding after injection, a cotton-tipped applicator was pressed on the site of puncture. We performed this method very carefully and got very good reproducibility, and tumors developed at the site of implantation in 95% of animals.
Fluorescence microscopy. Mice were anesthetized as described above, and the integrity of the lymphatic vasculature of the tail was examined by fluorescence microlymphangiography. The filling of the lymphatic vasculature was monitored for 30 minutes under a fluorescence microscope (LSM710; Carl Zeiss) with equal exposure times for each mouse. The arbitrary units of fluorescence intensity were analyzed with ZEN2009 (Carl Zeiss) and were compared between the 2 groups.
Immunofluorescence. For immunofluorescence cytochemistry, lung tissues were immediately fixed with 4% paraformaldehyde in 0.1 mol/l phosphate buffer solution (pH 7.4). After fixation, the tissues were dehydrated with graded ethanol series and then embedded in paraffin. Sections of the paraffin-embedded tissues (4 mm thick) were mounted on glass slides, deparaffinized with xylene, and placed in 4°C acetone. The sections were blocked with 1% BSA-PBS and incubated with goat anti-mouse VEGF-C (1:200; Santa Cruz Biotechnology), goat anti-mouse VEGF-D (1:200; Santa Cruz Biotechnology), rabbit anti-mouse VEGFR3 (1:200; Santa Cruz Biotechnology), goat antimouse COX-2 (1:500; Abcam), rat anti-mouse stromal cell-derived factor-1 (SDF-1) (1:50; Santa Cruz Biotechnology), C-X-C receptor type 4 (CXCR4) ( and Ep3 KO DCs were prepared from the mice by cross-breeding of GFP transgenic mice and Ep3 KO mice. The cells were cultured (1 × 10 6 cells/ml, 5 ml/well) in GM-CSF-containing DMEM supplemented with 10% FBS at 37.1°C in 5% humidified CO 2 as previously described (64) . The culture medium was changed every day to remove nonadherent granulocytes. On day 8, cells were harvested by light pipetting. More than 90% of the cells expressed CD11c by FACS analysis. DCs were stimulated with PGE 2 (0.1 nM per well) for 3, 6, and 24 hours.
In vitro SDF-1 and TGF-β1 expression. To assess DCs' expression of SDF-1 and TGF-β1 in vitro, DCs were stimulated with PGE 2 and EP1-EP4 agonists for 3, 6, and 24 hours in serum-free medium. The culture medium was collected and stored at -20°C until analysis. The medium was used to assess SDF-1 and TGF-β1 levels using specific ELISA kits (R&D Systems). ELISA kits were also used to measure SDF-1 and TGF-β1 levels in the cell culture supernatants. This experiment was performed in duplicate of serum-free medium.
Statistics. Data are expressed as the means ± SD. Comparisons between multiple groups were performed by ANOVA followed by Scheffe's test. Comparisons between 2 groups were made by 2-tailed Student's t test. The correlation between the number of DCs and metastasis was analyzed using the χ 2 test. P < 0.05 was considered statistically significant.
